and those with reversed a-wave, irrespective of NT, would detect 38.8% of major cardiac defects at an overall falsepositive rate of 2.7%. Conclusions: Assessment of ductus venosus flow improves the performance of NT screening for cardiac defects.
fects came with the realization that many affected fetuses have increased nuchal translucency (NT) thickness at 11-13 weeks' gestation [6] . In a recent screening study of more than 40,000 singleton pregnancies, excluding aneuploidies, there were 85 fetuses with major cardiac defects and in 30 (35.3%) of these the NT at 11-13 weeks was above the 95th centile [7] . Similarly, in the combined data from 14 first-trimester screening studies on major cardiac abnormalities in euploid fetuses, the fetal NT was increased in 73 (33.0%) of the 221 cases [7] . Another early sonographic marker of major cardiac defects is abnormal blood flow in the ductus venosus [8] . In the combined data from eight studies that examined ductus venosus waveforms in 791 euploid fetuses with increased NT thickness abnormal Doppler waveforms in the ductus venosus were observed in 87% of those with cardiac defects compared to 19% in those without cardiac defects [9] . However, there is uncertainty as to whether abnormal flow in the ductus venosus in fetuses with major cardiac defects is confined to those with increased NT or it is also observed in fetuses with normal NT [10, 11] .
In this study, we investigate further the association between fetal major cardiac defects, abnormal flow in the ductus venosus and NT thickness. The aim is to determine whether assessment of ductus venosus flow improves the overall detection rate of cardiac defects achieved by screening with NT thickness alone.
Methods

Screening Study Population
The data for this study were derived from prospective firsttrimester screening for aneuploidies at King's College Hospital, London, UK, and Medway Maritime Hospital, Gillingham, UK, between March 2006 and September 2009. In this visit, which is held at 11 +0 -13 +6 weeks of gestation, maternal characteristics and medical history are recorded and an ultrasound scan is performed transabdominally (using 3-7.5 MHz curvilinear transducers) to, firstly, determine gestational age from the measurement of the fetal crown-rump length (CRL), secondly, measure fetal NT thickness, and, thirdly, diagnose any major fetal abnormalities [12, 13] . At King's College Hospital assessment of risk for aneuploidies included measurement of maternal serum free ␤ -hCG and PAPP-A [14] . In both hospitals, ductus venosus blood flow velocity waveforms were also routinely obtained.
In the ductus venosus studies the following criteria were fulfilled [15] : (a) the examinations were undertaken during fetal quiescence, (b) the magnification of the image was such that the fetal thorax and abdomen occupied the whole screen, (c) a right ventral mid-sagittal view of the fetal trunk was obtained and color flow mapping was used to demonstrate the umbilical vein, ductus venosus and fetal heart, (d) the pulsed Doppler sample was small (0.5-1.0 mm) to avoid contamination from the adjacent veins and it was placed in the yellowish aliasing area which is the portion immediately above the umbilical sinus, (e) the insonation angle was less than 30°, (f) the filter was set at a low frequency (50-70 Hz) to allow visualization of the whole waveform, and (g) the sweep speed was high (2-3 cm/s) so that the waveforms were widely spread allowing better assessment of the a-wave. Waveforms were assessed qualitatively and considered to be abnormal if the a-wave was reversed.
The policy in our hospitals is to offer routinely a second ultrasound examination at 20 +0 -23 +6 weeks. This scan is also performed transabdominally and involves systematic detailed examination of the fetus, including a sweep through the heart in transverse plane to include the four-chamber view, outflow tracts and three-vessel view of the heart and great vessels.
During the study period, the first-and second-trimester scans were carried out by 1 of 165 sonographers who had obtained the Fetal Medicine Foundation Certificates of Competence in the 11-13 weeks' scan and the 18-24 weeks' scan or by trainees under the supervision of certified sonographers. All cases of suspected fetal abnormalities were examined by a fetal medicine specialist. Likewise, all cases of suspected fetal cardiac defect were examined by a fetal cardiologist. In addition, the cardiologists carried out fetal echocardiography at 11-14 weeks in those with NT above the 99th centile and at 20 weeks in those with NT between the 95th and 99th centiles.
In our hospitals all babies are examined in the neonatal period by a pediatrician. Prenatal and neonatal findings are recorded in computerised databases. Data on pregnancy outcome from women who book for obstetric care in our hospitals but deliver in other hospitals are obtained either from the maternity computerised records in these hospitals or the general medical practitioners of the women.
Inclusion Criteria for This Study and Outcome Measures
In this study, we compared the measurements of fetal NT and ductus venosus blood flow at 11-13 weeks in pregnancies with major fetal cardiac defects and those resulting in live birth of phenotypically normal babies.
Cardiac defects are considered to be major if they require surgery or interventional cardiac catheterization within the first year of life. We included all cases with major cardiac defects diagnosed by pediatric cardiologists either antenatally and/or in the neo natal period. Abnormalities suspected antenatally but not confirmed in the neonates were not included. In contrast, the prenatal diagnosis in cases of terminations and miscarriages at less than 24 weeks or stillbirths at or after 24 weeks were assumed to be correct because in these cases postmortem examination was not performed systematically. The following fetal cardiac defects were not included: firstly, ventricular septal defects because they are generally not considered to be major defects, secondly, right aortic arch, persistent left superior vena cava and aberrant right sub clavian artery because these are variants of normal rather than true defects, and thirdly, cardiac tumors developing during the second and third trimesters of pregnancy because these defects would not be expected to have any manifestations during the 11-13 weeks' scan.
We excluded all aneuploidies and non-cardiac defects diagnosed prenatally or in the neonatal period. We also excluded pregnancies with no abnormal fetal findings at the 11-13 weeks' scan and/or the 20-23 weeks' scan which resulted in termination, miscarriage or stillbirth and those lost to follow-up.
This study constitutes a retrospective analysis of data derived from a routine clinical examination and did not require ethics committee approval.
Literature Search
We searched MEDLINE and EMBASE from 1999 to September 2010 to identify first-trimester studies reporting on the relationship between ductus venosus flow and major fetal cardiac defects in euploid fetuses.
Statistical Analysis
The prevalence of reversed a-wave and NT above the 95 and 99th centiles in fetuses with and without major cardiac defects was calculated and comparisons were performed by 2 test or Fisher's exact test. Logistic regression analysis was used to determine the significant contributors in the prediction of cardiac defects. The performance of screening was determined by receiver operating characteristic (ROC) curves and the performance of different methods of screening was compared using the areas under the ROC curves (AUC) [16] .
The statistical software packages PASW statistics 18.0 (SPSS Inc., Chicago, Ill., USA) and Medcalc (Medcalc Software, Mariakerke, Belgium) were used for the data analyses.
Results
Study Population
During the study period, we carried out an ultrasound examination at 11-13 weeks in 45,191 singleton pregnancies with a live fetus and CRL of 45-84 mm ( fig. 1 ). The median maternal age was 31 (range 14-51) years, the median weight was 66 (range 35-167) kg, the racial origin of the women was Caucasian in 75.4%, African in 16.1%, South Asian in 4.1%, East Asian in 1.9% and mixed in 2.5%.
In 332 (0.7%) and in 382 (0.8%) of the 45,191 cases, there was prenatal or postnatal diagnosis of aneuploidy and non-cardiac abnormalities, respectively, and these cases were also excluded from further analyses. We also excluded 16 cases of prenatal or postnatal diagnosis of ventricular septal defect and 5 cases of cardiac tumors.
Major Cardiac Defects
In the 11-13 weeks' scan, we diagnosed major cardiac defects in 28 of the 44,456 cases. In 2,003 cases with no cardiac defects at the 11-13 weeks' scan, there was a miscarriage or termination of the pregnancy for psychosocial reasons or the patients were lost to follow-up. In the remaining 42,425 cases, an ultrasound scan was carried out at 20-23 weeks and major cardiac defects were diagnosed in a further 56 cases. In 1,463 of the 42,369 cases with no cardiac defects at the 20-23 weeks' scan, there was subsequent fetal death or the pregnancies were lost to follow up. In the 40,906 cases resulting in live births, neonatal examination demonstrated a major cardiac defect in one case and no cardiac defects in 40,905 babies. Therefore, in total, 85 cases with major cardiac defects were detected. The types of major cardiac defects and their relation to fetal nuchal translucency (NT) thickness above the 95th centile and reversed a-wave in the ductus venosus at the 11-13 weeks' scan are summarized in table 1 .
The fetal NT was above the 95th and above the 99th centile in 30 (35.3%) and 18 (21.2%), respectively, of the 85 fetuses with major cardiac defects and in 1,956 (4.8%) and 290 (0.7%), respectively, of the 40,905 with no cardiac defects ( table 2 ) . Reversed a-wave in the ductus venosus was observed in 24 (28.2%) of the fetuses with major cardiac defects and in 856 (2.1%) of those with no cardiac defects. Reversed a-wave was found in 14 (46.7%) of the 30 fetuses with cardiac defects and NT above the 95th centile, compared to 10 (18.2%) of the 55 with NT at or below the 95th centile (p = 0.005). Similarly, reversed a-wave was found in 80 (4.1%) of the 1,956 fetuses with no cardiac defects and NT above the 95th centile, compared to 776 (2.0%) of the 38,949 with NT at or below the 95th centile (p ! 0.001).
The cardiac defects were grouped into the following groups: left heart disease (hypoplastic left heart syndrome, coarctation of the aorta, aortic valve stenosis), right heart disease (pulmonary stenosis or atresia, tricuspid valve atresia, Ebstein's anomaly), conotruncal anomalies (transposition of the great arteries, tetralogy of Fallot, double outlet right ventricle), atrioventricular septal defect and other (double inlet left ventricle, tricuspid dysplasia, left atrial isomerism, complex atrioventricular septal defect). There were no significant differences between the five groups in the prevalence of NT above the 95th centile (p = 0.398) or reversed a-wave in the ductus venosus (p = 0.063; table 3 ). The prevalence of reversed a-wave was not significantly different for the different types of cardiac abnormalities either in the subgroup with normal NT (p = 0.653) or in those with increased NT (p = 0.113; table 3 ).
Performance of Screening for Major Cardiac Defects
The performance of different combinations of increased fetal NT and abnormal blood flow in the ductus venosus in screening for major cardiac defects is summarized in table 2 . In these calculations it is assumed that all The detection rate of major cardiac defects is essentially dependent on the availability of special fetal cardiac services. If all cases with fetal NT above the 95th centile and/or those with reversed a-wave are examined, 40 (47.1%) of the 85 major cardiac defects would be detected but the false-positive rate would be 6.7% (2,732 of 40,905 with no cardiac defects). The lowest false-positive rate would be achieved by a policy of specialist fetal echocardiography reserved only for those with NT above the 99th centile (0.7%), but the detection rate would be only 21.2%. Echocardiography for cases with NT above the 99th centile and those with reversed a-wave in ductus venosus, irrespective of NT, would detect 38.8% of major cardiac defects at an overall false-positive rate of 2.7%.
Logistic regression analysis showed that significant prediction of cardiac defects was provided by ⌬NT in mm (OR 2.6, 95% CI 2.2-3.1, p ! 0.001) and reversed awave in the ductus venosus (OR 13.7, 95% CI 8.2-22.8, p ! 0.001).
The patient-specific risk for major cardiac defects can be calculated from the formula: odds/(1 + odds), where odds = e Y . The Y for the relation between cardiac defects and delta NT was derived by univariate logistic regression analysis (Y = -6.546 + 1.104 ! ⌬NT in mm). The Y for a combination of ⌬NT and reversed a-wave was derived by multivariate logistic regression (Y = -6.767 + 0.968 ! ⌬NT in mm + 2.616 if reversed a-wave in the ductus venosus and 0 if normal flow). The relation between the patient-specific risk for cardiac defect and fetal ⌬NT with and without reversed a-wave is illustrated in figure 2 . The AUCs for the prediction of cardiac defects by NT alone was 0.700 (95% CI, 0.635-0.764), and this was significantly improved by the addition of ductus venosus flow (AUC, 0.749, 95% CI, 0.686-0.811, p ! 0.001) ( fig. 3 ). For fixed false-positive rates of 1, 3 and 5%, the detection rates of major cardiac defects by NT alone were 25.9% (95% CI, 17.7-36.2), 30.6% (95% CI, 21.8-41.1) and 35.3% (95% CI, 26.0-45.9), respectively, whereas by NT combined with ductus venosus flow the detection rates were 29.4% (95% CI, 20.8-39.9), 40.0% (95% CI, 30.3-50.6) and 44.7% (95% CI, 34.6-55.3).
Literature Search
The literature search identified eight studies providing data on the association between major cardiac defects and ductus venosus flow in euploid fetuses. In the total of 911 fetuses with increased NT, abnormal ductus venosus flow was observed in 40 of the 58 (69%) with major cardiac defects and in 172 of the 853 (20.2%) without cardiac defects ( table 4 ) .
Discussion
The findings of this study demonstrate that in fetuses with major cardiac defects abnormal flow in the ductus venosus is observed not only in those with increased NT but also in those with normal NT. Consequently, the performance of early screening for cardiac defects achieved by measurement of fetal NT is improved by assessment of flow in the ductus venosus.
The overall prevalence of major cardiac defects in our population of euploid fetuses was 2 per 1,000. In all live births the diagnosis of cardiac defects was based on clinical examination in the neonatal period. It is therefore likely that in some defects, such as coarctation of the aorta and transposition of the great arteries, the diagnosis may have been missed. Another limitation of this study is the method of diagnosing or excluding a cardiac defect in cases of pregnancy termination or fetal death. We selected the pragmatic end-point of sonographically detectable defect by a pediatric cardiologist specialist in fetal echocardiography. Ideally, in these cases the antenatal findings should have been validated by postmortem examination. The study confirmed that the prevalence of major cardiac defects increases with fetal NT thickness [17] . The prevalence was 58 per 1,000 in fetuses with NT above the 99th centile, 7 per 1,000 in those with NT between the 95th and 99th centile and 1 per 1,000 in those with NT at or below the 95th centile. The fetal NT was above the 95th and above the 99th centile in about 35 and 20%, respectively, of the fetuses with major cardiac defects and in less than 5 and 1%, respectively, of those with no cardiac defects. The offer of specialist fetal echocardiography to pregnancies with fetal NT above the 99th centile is now well accepted because the number of cases is small and the prevalence of major cardiac defects is high. The extent to which specialist fetal echocardiography should also be offered to pregnancies with NT between the 95th and 99th centiles, which constitute about 4% of the total population, depends on the availability of such services.
The prevalence of reversed a-wave in the ductus venosus increases with fetal NT in both the fetuses with a major cardiac defect and in those with no apparent defect. Reversed a-wave was observed in 2% of the normal fetuses with NT at or below the 95th centile and in 4% of those with NT above the 95th centile. The respective values for the fetuses with major cardiac defects were 18 and 47%. In the combined data from studies in fetuses with increased NT, abnormal ductus venosus flow was reported in 20% of the normal fetuses and in 69% of those with major cardiac defects. These rates are substantially higher than in our screening study and suggest that the previous small series were examining many pregnancies with very high fetal NT. Our results in fetuses with major cardiac defects are similar to those of a previous screening study of 5,925 pregnancies where abnormal flow in the ductus venosus was observed in 4 of the 31 (12.9%) with normal NT and in 6 of the 13 (46.1%) with increased NT [11] .
High NT and/or abnormal flow in the ductus venosus was not confined to specific types of cardiac defects. A previous smaller study also reported no particular type of cardiac defects in fetuses with abnormal ductus venosus flow and increased NT, but in fetuses with normal NT all defects were right-sided [11] .
The underlying mechanism for the association between abnormal flow in the ductus venosus and cardiac defects is uncertain. Some of the cardiac defects that are not associated with heart failure during the second and third trimesters but with heart failure after birth have a reversed a-wave in the ductus venosus in the first trimester [8, 18, 19] . The fetal heart has a lower compliance than an adult heart, and this is more evident in the first trimester, where the predominance of the atrial contraction wave is greater than in later gestation. In addition, cardiac afterload is greater in the first trimester because of higher placental resistance. We could therefore speculate that in the first trimester, only a small impairment of the cardiac diastolic function might be enough for cardiac dysfunction to become evident as a reversed a-wave in the ductus venosus.
In this study, we developed an algorithm combining fetal NT with ductus venosus flow to estimate the patient- specific risk for major cardiac defects. The risk increases exponentially with NT and is further increased if the awave is reversed and decreased if flow in the ductus venosus is normal. For fixed false-positive rates of 1, 3 and 5%, the estimated detection rates of major cardiac defects in screening by fetal NT alone were 26, 31 and 35%, respectively, and these were increased by about 10% in screening by a combination of NT and ductus venosus flow. Ultimately, the detection of major cardiac defects will depend on the proportion of the population that can be offered specialist fetal echocardiography and our algorithm could be used to define the risk cut-off that selects the patients requiring referral for such an examination.
A more pragmatic approach would be to select patients on the basis of ductus venosus flow and a fetal NT cut-off. Ideally, all cases with fetal NT above the 95th centile and those with reversed a-wave should be offered fetal echocardiography, but in the absence of sufficient resources the examination could be reserved for those with abnormal Doppler and those with NT above the 99th centile.
